Introduction {#S0001}
============

Vesicoureteral reflux (VUR) occurs in approximately 1% of the pediatric population in the United States and Europe. It appears in 20--50% of pediatric patients with recurrent urinary tract infections, thus constituting an extremely complex diagnostic and therapeutic problem in pediatrics^([@CIT0001],\ [@CIT0002])^. Currently, three imaging modalities are used in the diagnostic process of VUR: X-ray based voiding cystourethrography (VCUG), isotope cystography and contrast-enhanced voiding urosonography (ce-VUS). The most common method VCUG is based on ionizing radiation, but this is no longer favored by contemporary pediatric radiology due to the considerable radiation exposure involved. VUR diagnosis and monitoring of treatment usually require multiple X-ray examinations. Unfortunately, the gonads are always exposed to radiation during the examination, which is of concern given that they are one of the most radiosensitive organs in the human organism. Other limitations of VCUG are: the static character of the examination, the two-dimensional ("flat") image, exposure to potential adverse reactions to iodine contrast agents, and the lack of intimacy during the examination, as frequently mentioned by parents and older children. ce-VUS is an alternative to VCUG. However, to date, the most frequently mentioned limitation of this method is the inability to assess the urethra, especially in boys. Nevertheless, recent reports indicate that ce-VUS with the use of SonoVue^®^ is a highly sensitive and specific method in the diagnosis and treatment monitoring of VUR, which, in addition, enables assessment of the urethra in both girls and boys^([@CIT0003]--[@CIT0006])^.

Aim of the study {#S0002}
================

The aim of this study was to assess the usefulness of ce-VUS in the diagnosis and treatment monitoring of VUR in children and to determine whether this method could replace the currently used VCUG.

The study consisted of two stages. Bearing in mind the main aim of the study, in the first stage, the authors attempted to determine:The sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) of ce-VUS compared with X-ray VCUG as a reference method.The number of VURs detected by each of these methods.In the second stage, the protocol of ce-VUS was extended to include three-dimensional options (3D/4D) and urethra examination. Attempts were made to determine the following:Usefulness of three-dimensional (3D/4D) examination in VUR assessment.Ability to examine the urethra in transperineal 2D/3D/4D ce-VUS before and during micturition.

Material and methods {#S0003}
====================

The examinations were carried out as part of the Polish National Science Centre Project No. NN403456137. The study was approved by the Ethics Committee at the Medical University in Lublin. The parents of all patients were informed about the aim of the study, the advantages and disadvantages of the method, and the off-label use of the contrast agent (SonoVue^®^, Bracco, Milan, Italy) in patients below 18 years of age. They gave written consent for such examinations in their children. The study was conducted in two stages in two subgroups. The study group comprised 138 pediatric patients \[277 ureteral units (UUs)\] including 106 girls and 32 boys aged from 3 months to 17 years and 3 months; the mean age was 4 years and 1 month. The patients were examined from December 2010 to October 2013.

Stage I {#S20004}
-------

In the first stage (subgroup 1), all patients underwent VCUG as a reference method and ce-VUS with the use of SonoVue^®^ with a maximum time interval between the examinations of 3 months. The aim was to specify the sensitivity, specificity, PPV and NPV as well as the number of VURs detected by each method.

Subgroup 1 consisted of 80 pediatric patients (161 UUs, 62 girls and 18 boys) aged from 3 months to 17 years and 3 months; the mean age was 4 years and 8 months. The patients were examined from December 2010 to October 2012. Of the examined patients, 45 children (91 UUs) were already being treated for VUR and were referred to the examination in order to monitor the effects of therapy. Thirty-five children (70 UUs), however, were patients with recurrent urinary tract infections in whom VUR was suspected. Urinary tract infections were diagnosed based on the clinical picture (loss of appetite, no weight gain, abdominal pain, raised body temperature, pain and burning sensation during urination, pollakiuria, urine retention etc.) as well as changes in urinalysis and positive urine culture test with a count of above 10^5^/ml. The detected pathogens included: *Escherichia coli, Proteus species, Pseudomonas aeruginosa, Staphylococcus species* and *Klebsiella pneumoniae*. The examinations were performed no sooner than 2 weeks after the last urinary tract infection had been treated^([@CIT0007])^.

### Contrast-enhanced voiding urosonography (ce-VUS)

The examinations were performed using a Phillips IU22 ultrasound system with a convex probe (2--5 MHz) or GE Voluson 730 Expert with a convex probe (2--5 MHz). The protocol included:transabdominal assessment of the kidneys and urinary bladder in B-mode, color Doppler and tissue harmonic imaging (THI);catheterization of the patient (6F or 8F);ultrasound-guided slow administration of the solution of heated saline with ultrasound contrast agent SonoVue^®([@CIT0008])^ \[assessing the volume of the bladder according to the formula: volume (ml) = (age + 2) × 30\] with alternate assessment of both kidneys during the administration of the solution until the urinary bladder was full (in younger children -- under ultrasound monitoring of the bladder volume; in older children -- until strong urinary urgency);removal of the catheter;during micturition, alternate transabdominal examination of both kidneys using 2D technique;transabdominal urinary tract examination (kidneys, urinary bladder) after voiding with residual urine assessment (after micturition and voiding of the pelvicalyceal systems).

The subsequent stages of the examination were recorded as image files (JPG, 2D/3D/4D DICOM) and films (AVI). The five-grade classification of Darge and Troeger^([@CIT0009])^ was used to assess the grade of reflux in ce-VUS.

### Voiding cystourethrography (VCUG)

VCUG was performed by drip infusion of the heated saline with a non-ionic contrast agent Omipaque 300 (GE Healthcare) or Iomeron 300 (Bracco, Italy). The methodology of the study and classification used to grade VUR were consistent with the international system of VUR radiographic grading^([@CIT0010])^.

Stage II {#S20007}
--------

The second stage of the study (subgroup 2) involved performing ce-VUS with SonoVue^®^ in an extended protocol in all patients. The aim was to determine the usefulness of three-dimensional (3D/4D) examinations in the assessment of VUR and the ability to assess the urethra in transperineal 2D/3D/4D ce-VUS. In subgroup 2, ce-VUS was the only diagnostic method used for the identification of VUR.

Subgroup 2 consisted of 58 patients (116 UUs; 44 girls and 14 boys) aged from 4 months to 10 years and 2 months; the mean age was 2 years and 8 months. The patients were examined from January to October 2013. All children were referred to the examination due to recurrent urinary tract infections in order to confirm or rule out VUR. Urinary tract infections were diagnosed based on clinical picture, changes in urinalysis and positive urine culture test (indicated by a count of above 10^5^/ml). The detected pathogens included: *Escherichia coli, Proteus species, Pseudomonas aeruginosa, Staphylococcus species, Citrobacter freundii* and *Kluyvera ascorbata*. The examinations were performed no sooner than 2 weeks after the last urinary tract infection had been treated.

### Contrast-enhanced voiding urosonography (ce-VUS)

The examinations were performed with the use of a GE Voluson 730 Expert ultrasound system with a convex probe (2--5 MHz) and a pediatric micro-convex 4D transducer (RNA 5--9 MHz). The protocol included:transabdominal assessment of the kidneys and urinary bladder in B-mode, color Doppler and tissue harmonic imaging (THI);transabdominal static three-dimensional urinary bladder assessment (3D) and real time assessment (4D) -- so-called virtual cystoscopy;a 2D transperineal morphological assessment of the urethra;catheterization of the patient (6F or 8F);slow administration of heated saline with ultrasound contrast agent SonoVue^®([@CIT0008])^;removal of the catheter;during micturition, transperineal examination of the urethra and alternate transabdominal assessment of both kidneys using 2D, 3D and 4D techniques;transabdominal urinary tract examination (kidneys, urinary bladder) after voiding with residual urine assessment (after micturition and voiding of the pelvicalyceal systems).transperineal examination of the urethra following micturition.

As in the procedure followed in subgroup 1, the subsequent stages of the examination were recorded as image files (JPG, 2D/3D/4D DICOM) and films (AVI). The five-grade classification of Darge and Troeger^([@CIT0009])^ was used to assess the grade of reflux in ce-VUS.

Results {#S0009}
=======

Stage I {#S20010}
-------

Data were obtained from 80 patients (161 UUs, 100%). Unilateral complete ureteral and pelvicalyceal duplication was detected in one patient. The concordance between the two methods, i.e. VCUG and ce-VUS, was 86.95%. With VCUG as a reference method, the sensitivity of ce-VUS was 84.51%, specificity -- 90.99%, PPV -- 85.71% and NPV -- 90.17%.

VCUG d emonstrated t he presence o f V UR i n 6 0 out o f 161 UUs (37.26%) and ce-VUS detected it in 59 out of 161 UUs (36.64%). VUR was detected in 49 of the 60 UUs (81.67%) by both methods, i.e. VCUG and ce-VUS ([fig. 1](#F0001){ref-type="fig"}). In 11 out of 60 UUs (18.33%), VUR was detected only with the help of VCUG (five cases -- grade I, four -- grade II and two -- grade III). However, in 10 out of 59 UUs (16.94%), VUR was detected only with the help of ce-VUS (one case -- grade I, six -- grade II, two -- grade III and one -- grade IV) ([fig. 2](#F0002){ref-type="fig"}).

![Grade V VUR on the left side detected by both methods, i.e. voiding cystourethrography (**A**) and 2D voiding urosonography (**B**) (grey scale and contrast-enhanced image)](JoU-2013-0042-g001){#F0001}

![Number of VUR detected by the two methods, i.e. in VCUG and ce-VUS, and by each method separately with division into VUR grades](JoU-2013-0042-g002){#F0002}

Stage II {#S20011}
--------

Out of the 58 (100%) examined patients, the presence of VUR was ruled out in 35 cases (60.34%, 70 UUs) and diagnosed in 23 children (39.65%), including eight bilateral cases and 15 unilateral cases (in total -- 31 ureteral units). Of the 31 (100%) visualized cases of VUR, 11 (35.48%) were assessed as grade II, 11 (35.48%) as grade III, eight (25.80%) as grade IV and one (3.22%) as grade V.

Transabdominal static three-dimensional urinary bladder assessment (3D) and real time (4D) assessment, known as virtual cystoscopy, was possible in all patients (*n* = 58, 100%). In one case (1.72%), virtual cystoscopy visualized the atypical localization of the ureteral orifice beyond the triagone of the bladder, which had not been seen in a previous 2D B-mode examination. In the remaining 57 patients (98.28%), the image of the urinary bladder was normal ([fig. 3](#F0003){ref-type="fig"}).

![Normal presentation of the urinary bladder in real time (4D) examination -- so-called virtual cystoscopy](JoU-2013-0042-g003){#F0003}

Transperineal morphological assessment of the urethra using the 2D method was possible in all cases (*n* = 58, 100%). In girls, the examination was conducted via the vaginal orifice, which allowed the entire course of the urethra from the neck of the urinary bladder to its external opening to be visualized with one application of the transducer ([fig. 4](#F0004){ref-type="fig"}). In boys, assessment of the bladder neck and the proximal fragment of the urethra was conducted via the suprapubic access and via the perineum/scrotum. Assessment of the distal part of the urethra was conducted by placing the transducer directly on the distal part of the penis ([fig. 5](#F0005){ref-type="fig"}). In infant boys, the entire urethra could be visualized with one application of the transducer. In older boys, the assessment was made by moving the probe in order to visualize the entire urethra. In all subjects, the morphology of the urethra in a 2D examination was judged to be normal.

![Transperineal assessment of the morphology of the urethra in a girl](JoU-2013-0042-g004){#F0004}

![Assessment of the morphology of the urethra in an infant boy performed with the transducer placed in the suprapubic region and on the anterior aspect of the penis](JoU-2013-0042-g005){#F0005}

The 2D, 3D and 4D assessment of the urethra during micturition was possible in all patients in whom voiding was elicited during the examination, i.e. in 55 out of 58 (95.83%) patients. Micturition was not elicited in three patients (5.17%) due to the lack of cooperation. The 2D technique enabled assessment of the bladder neck and the lumen of the urethra. The three-dimensional techniques (3D and 4D), however, allowed for an additional spatial assessment of the studied anatomical structures ([fig. 6](#F0006){ref-type="fig"}). These 2D, 3D and 4D examinations of the urethra during micturition did not demonstrate any pathological changes in any of the 55 patients.

![Contrast-enhanced examination during voiding. 2D examination of the female (**A**) and male (**B**) urethra. Three-dimensional (3D/4D) imaging of the female urethra (**C**) and male urethra on its proximal aspect (**D**)](JoU-2013-0042-g006){#F0006}

The 3D and 4D assessment of VUR was possible in all patients in whom VUR was diagnosed, i.e. in 23 children (31 UUs) (100%). The application of the three-dimensional (3D/4D) techniques enabled accurate specification of a VUR grade in all ureteral units (31 UUs, 100%) ([fig. 7](#F0007){ref-type="fig"}). Nevertheless, they proved the most useful in differentiating between grade II and III (in total 22 UUs, 70.97%). In this case, a three-dimensional examination facilitated the assessment of the renal calyces in visualized VUR to a considerable extent.

![Visualization of VUR grade II (**A**), grade III (**B, C**), grade IV (**D**) and grade V (**E**) using the three-dimensional technique (**A, B, D, E**) and real-time three-dimensional examination, so-called 4D (**C**)](JoU-2013-0042-g007){#F0007}

Discussion {#S0012}
==========

In 1997, the American Urological Association (AUA) reported the need to search for "less traumatic" diagnostic methods that would allow the detection of VUR as well as techniques of VCUG that would reduce exposure to ionizing radiation^([@CIT0011])^. Ce-VUS, which meets both these criteria, appears to be one of the most promising methods. It has been used in the diagnosis and treatment monitoring of VUR in children for approximately 15 years. As early as in 2001, certain publications proved that the application of ce-VUS would reduce by over a half the number of pediatric patients exposed to ionizing radiation during the diagnosis and treatment of VUR^([@CIT0012])^. Initially, the examinations were performed with the use of the second-generation ultrasound contrast agent Levovist (Schering, Berlin, Germany). Ce-VUS with Levovist was used successfully from 1999 in numerous European countries and in Australia. It was proven that when administered intravesically, Levovist, being a solution of galactose-based, palmitic acid microbubbles, enables the visualization of the urinary tract in children and possibly also the identification of VUR (sensitivity 57--100%, specificity 85--100%, positive predictive value 58--100%, negative predictive value 87--100%, diagnostic accuracy 78--96%)^([@CIT0013]--[@CIT0015])^. In 2001, a third-generation ultrasound contrast agent -- SonoVue^®^ -- was introduced. *In vitro* comparative studies of Levovist (5% volume) and SonoVue^®^ demonstrated that enhancement observed with SonoVue^®^ lasted seven times longer when an 80% lower dose, compared to Levovist, was used^([@CIT0016])^. SonoVue^®^, more modern than its predecessor, does not require the usage of Doppler techniques, has a parenchymal enhancement phase and enables considerably longer enhancement, started to gradually replace Levovist, which soon after was withdrawn from the market. Currently, SonoVue^®^, which is a suspension of sulfur hexafluoride microbubbles with a diameter smaller than that of capillaries, is a recognized agent both in Poland and abroad. It is used with success in the diagnosis and monitoring of focal lesions in numerous organs, most frequently in the diagnosis of hepatic focal lesions^([@CIT0017],\ [@CIT0018])^.

Unfortunately, to date, ce-VUS has not been introduced as a routine procedure in the diagnostic algorithm in Poland. Therefore, we attempted to assess the relevance of ce-VUS in the diagnosis and treatment monitoring of VUR in children and the possibility of replacing the currently used VCUG.

One of the most important limitations to popularizing the method is the fact that to date, SonoVue^®^ has not been registered for use in patients below the age of 18. Even so, it is commonly used for VUR diagnosis in children both in Europe and the United States. This was confirmed in a survey conducted in 2011 which indicated that in European children, this agent had been used intravesically in over 4000 examinations^([@CIT0019],\ [@CIT0020])^. However, the lack of registration for use in pediatric patients a ssociated w ith the lack of clinical t rials conducted among a sufficiently large population refers to its intravenous use. The manufacturer makes no mention of the issue of its use in the cavities despite the common belief that such use is safe and does not cause adverse reactions in children. Both the European Society of Paediatric Radiology (ESPR) and the European Society of Urogenital Radiology (ESUR) -- Paediatric Working Group claim that f rom medical a nd scientific points of view, the use of ultrasound contrast agents in children should be promoted and propagated. At the same time, appropriate trials allowing for the official legalization and registration of such agents in pediatrics should be conducted^([@CIT0019])^. In their diagnostic algorithms, the aforementioned Societies recommend ce-VUS as the method of choice for diagnosing VUR in girls with recurrent urinary tract infections and for monitoring the treatment of VUR in girls and boys. Moreover, this method is recommended in girls with prenatally diagnosed hydronephrosis, in girls and boys with the suspicion of obstruction u ropathy, for d iagnosing congenital defects of the region of urogenital hiatus, in cases of undifferentiated sex, in abscess drainage as well as for fistula diagnosis and others^([@CIT0019])^.

Despite the fact that this agent is not registered for use in patients below the age of 18, there are numerous reports worldwide describing ce-VUS in pediatric patients with the intravesical administration of SonoVue^®^. In 2009, Papadopoulou *et al*. published a paper i n which, based on studies conducted with SonoVue^®^ among 228 pediatric patients with VUR, they indicate that ce-VUS is superior to VCUG in terms of sensitivity and that it enabled the visualization of refluxes in 37% of patients more than the conventional method^([@CIT0021])^. In 2012, Ključevšek *et al*. obtained similar results following the analysis of 132 children. They showed that the X-ray-based method visualized refluxes in 12% of patients whereas the ultrasound-based method visualized the pathology in 32% of patients^([@CIT0022])^. In 2011, Otukesh *et al*. published the outcomes of their studies in which the sensitivity of ce-VUS was 88% and specificity was 94% when isotope cystography was used as the reference method^([@CIT0023])^. Numerous publications indicate that ce-VUS with the use of the third-generation contrast agent SonoVue^®^, is ideal for diagnosing and monitoring the course of treatment of VUR and that in many cases, it may replace X-ray-based VCUG^([@CIT0008],\ [@CIT0024])^. The superiority of ce-VUS compared to VCUG, has also been confirmed in other publications that attribute the larger number of refluxes detected in ce-VUS to the more dynamic and longer examination as well as the ability to detect additional anatomical defects thanks to the transperineal access^([@CIT0003],\ [@CIT0025])^. The results obtained in this paper are consistent with the outcomes of the aforementioned publications. The authors demonstrated high concordance between VCUG and ce-VUS (86.95%) as well as the high sensitivity, specificity, positive and negative predictive values of ce-VUS (84.51%, 90.99%, 85.71% and 90.17% respectively). In certain patients, VUR was visualized by only one of the methods. In the case of VUR diagnosed solely by means of VCUG, the great majority of such instances (9 of 11 UUs, 81.81%) were low-grade refluxes, i.e. grade I and II. However, in the case of VUR diagnosed by means of ce-VUS only, these were mainly refluxes assessed as grade II or higher (9 of 10 UUs, 90%). The authors also demonstrated that in ce-VUS, a reliable assessment of the urethra is possible in both girls and boys. Undoubtedly, however, further studies of a larger group of patients and with the use of a reference method need to be conducted.

Besides the fact that the sensitivity and specificity of this method are non-inferior to those of VCUG, the lack of exposure to ionizing radiation is one of the most essential arguments attesting to the superiority of ce-VUS with respect to VCUG. This is particularly important in pediatric patients whose organs and tissues are more radiosensitive than tissues of adults and thus, more susceptible to the negative effects of ionizing radiation, both threshold and stochastic ones. One should bear in mind that during conventional VCUG, the gonads are exposed to radiation, which is a particular concern given that they are the most radiosensitive organs of the human body. Moreover, repeated exposure increases the risk of carcinogenesis and of genetic anomalies in the offspring^([@CIT0026])^.

Another advantage of ce-VUS is its dynamic character, unlike VCUG, in which four X-ray pictures capture selected, millisecond stages of voiding. Therefore, it is possible that the precise moment that would enable a diagnosis might not be captured by the latter method. This is particularly significant in refluxes, which may be visible solely at the start of voiding when the pressure in the urinary bladder is the greatest. Voiding urosonography, as a dynamic examination, enables the observation of the entire voiding process and the recording of films and images for their thorough assessment following the examination^([@CIT0021],\ [@CIT0022])^.

Furthermore, VCUG is performed with the use of iodine contrast agents, which induce adverse reactions more frequently than ultrasound contrast agents, the latter being the safest contrast media available in medical imaging, particularly when administered intravesically. Over the last 15 years, thousands of voiding urosonography examinations have been conducted in children and no serious adverse reactions have been noted^([@CIT0019],\ 27)^.

In VCUG, we obtain anteroposterior flat images in which the image comprises numerous structures overlaid on one another, i.e. both the kidneys and the organs located on their anterior or posterior sides. This frequently results in various artefacts caused by intestinal gas and other internal organs. Such artefacts hinder or prevent the correct interpretation of the results and carry the risk of making a potential diagnostic error. In addition, the obtained flat image of reflux to the pelvicalyceal system, particularly in the case of anomalous kidney rotation or ectopic kidneys, may be erroneously interpreted in terms of the reflux grade. The present study demonstrates the usefulness of three-dimensional techniques (3D/4D) both for more precise reflux grading, particularly in the differentiation between grade II and III, as well as for the assessment of the bladder neck and urethra.

To conclude, the advantages of two-dimensional (2D) voiding urosonography include: a) the lack of exposure to ionizing radiation; b) the dynamic character of the examination; c) the lack of risk associated with the administration of ionizing contrast agents; d) greater intimacy compared to voiding cystourethrography and e) the ability to store the examination in its dynamic form (films), which facilitates retrospective analysis, enables consultations with other specialists and may be used for didactic purposes. If the protocol of the examination is extended to include three-dimensional static or real-time (3D/4D) examinations, additional advantages arise, such as: accurate assessment of the interior of the urinary bladder (so-called virtual cystoscopy), more precise reflux grading, a more thorough assessment of the bladder and urethra in multiple planes that is impossible to obtain in 2D examinations, the possibility of postprocessing, the option to compare 3D ultrasound findings with the results of magnetic resonance imaging and computed tomography, and the creation of an excellent didactic tool that allows repeated "virtual" examination of the patient.

The limitations of ce-VUS include: a) lack of registration of the contrast agent in pediatrics; b) the longer duration of the examination compared to VCUG; c) the need to directly engage a radiologist; d) more difficult assessment of grade I refluxes; e) dependence on the examiner\'s experience and f) higher cost of the contrast agent in comparison with iodine agents.

Conclusions {#S0013}
===========

Ce-VUS enables diagnosis and treatment monitoring of VUR in children and allows assessment of the urethra in both girls and boys. This method is characterized by high sensitivity and specificity. Moreover, it is safe, relatively inexpensive and should be conducted on a routine basis. Moreover, ce-VUS is more sensitive than VCUG due to the properties of the microbubbles, the dynamic character of the examination, the lack of exposure to radiation and iodine contrast agents as well as the potential for three-dimensional assessment. This technique may replace VCUG, the most commonly used method to date.
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